This paper determines the minimum short circuit ratio (SCR) requirement for a modular multilevel converter based high-voltage direct current (MMC-HVDC) transmission systems. Firstly, a simplified model of MMC is introduced; the MMC is represented by its AC and DC side equivalent circuit. Next, by linearizing the MMC subsystem and the DC network subsystem, the deduction of the small-signal models of MMC subsystem, the small-signal model of the DC network and MMC-HVDC are carried out successively. Thirdly, the procedure for determining the minimum SCR requirement of MMC-HVDC is described. Finally, case studies are performed on a two-terminal MMC-HVDC system under four typical control schemes. The results show that the restraint factors for the rectifier MMC is predominantly the voltage safety limit constraint, and the restraint factors for the inverter MMC are mainly the phase locked loop (PLL) or the outer reactive power controller. It is suggested that the minimum SCR requirement for the sending and the receiving systems should be 2.0 and 1.5 in the planning stage.
function and the sum of arm SM capacitor voltage [21] . ivj is the MMC AC output current in phase j. ugj is the AC voltage at the point of common coupling (PCC) in phase j. udc is the DC voltage, and idc is the DC current.
According to Kirchhoff's voltage law, the mathematical model in phase j could be derived as follows: Dividing the sum of (1) and (2) by 2, the AC side model of MMC could be derived as:
( ) 
By subtracting (2) from (1) , the DC side model of phase j in MMC could be derived as: 
A summation (4) of all three phases, and the DC side model of MMC could be concluded as follows: As seen in Figure 1 , u rj and i rj are the arm voltage and the arm current, where j (j = a, b, c) denotes phase and r (r = p, n) denotes the upper or lower arm. m rj and u rj are the arm average switching function and the sum of arm SM capacitor voltage [21] . i vj is the MMC AC output current in phase j. u gj is the AC voltage at the point of common coupling (PCC) in phase j. u dc is the DC voltage, and i dc is the DC current.
According to Kirchhoff's voltage law, the mathematical model in phase j could be derived as follows:
Dividing the sum of (1) and (2) by 2, the AC side model of MMC could be derived as:
A summation (4) of all three phases, and the DC side model of MMC could be concluded as follows: Because each arm of the MMC consists of a large number of SMs, it is common practice to evaluate the average voltage and current quantities of all the SMs in one arm. Suppose the average arm SM capacitor voltage and the SM capacitor are denoted as u rj and C sm , the dynamics of SM capacitor could be concluded as: 
According to [21] , the arm average switching function could be denoted as in (7):
2 m nj = 1+M cos(ω g t+ϕ j ) 2 (7) where M, ω g and ϕ j are the modulation index [13] , the fundamental angle frequency and the initial phase of arm average switching function. Note that, in normal operation conditions u nj ≈ u pj , u Ceq in (5) could be simplified as (8) by substituting (7) into it:
On the basis of (5), (6) , and (8) , the DC side model of MMC could be derived as in (9):
C eq du Ceq dt = j=a,b,c u vj i vj /u Ceq − i dc = i dcs − i dc (9) where C eq = 6C sm /N. Therefore, the AC and DC side model of MMC could be respectively described as in (3), (5) , and (9) . The equivalent circuit of MMC is plotted in Figure 2 , where u v is the phasor of the three-phase voltage u vj (j = a, b, c).
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Because each arm of the MMC consists of a large number of SMs, it is common practice to evaluate the average voltage and current quantities of all the SMs in one arm. Suppose the average arm SM capacitor voltage and the SM capacitor are denoted as rj u and Csm, the dynamics of SM capacitor could be concluded as: (6) According to [21] , the arm average switching function could be denoted as in (7) (7) where M, ωg and φj are the modulation index [13] , the fundamental angle frequency and the initial phase of arm average switching function.
Note that, in normal operation conditions nj pj u u   ≈ , uCeq in (5) could be simplified as (8) 
On the basis of (5), (6) , and (8), the DC side model of MMC could be derived as in (9) 
where Ceq = 6Csm/N. Therefore, the AC and DC side model of MMC could be respectively described as in (3), (5) , and (9) . The equivalent circuit of MMC is plotted in Figure 2 , where uv is the phasor of the three-phase voltage uvj (j = a, b, c). 
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Structure of Small-Signal Model
The dq-frame vector current controller is widely used in practical MMC-HVDCs. With the dq-frame vector current controller, the MMC AC voltage is generated by the inner controller, and the current orders to the inner controller are calculated from the outer controller [22] . The small-signal model for determine minimum SCR is derived based on the AC and DC side equivalent circuit that is illustrated in Section 2. As plotted in Figure 3 , the dq-frame vector current controller, the MMC AC side equivalent circuit and the connected AC system could be modeled as a subsystem while the MMC DC side equivalent circuit and the DC network could be modeled as another subsystem. The basic structure of a small-signal model for an m-terminal MMC-HVDC is plotted in Figure 3 . small-signal model for determine minimum SCR is derived based on the AC and DC side equivalent circuit that is illustrated in Section 2. As plotted in Figure 3 , the dq-frame vector current controller, the MMC AC side equivalent circuit and the connected AC system could be modeled as a subsystem while the MMC DC side equivalent circuit and the DC network could be modeled as another subsystem. The basic structure of a small-signal model for an m-terminal MMC-HVDC is plotted in Figure 3 . Here in Figure 3 , us, Ls and Rs are the equivalent voltage source phasor, the equivalent inductor, and the equivalent resistor of the connected AC system, respectively. Pg and Qg is the active and reactive power injecting into the MMC; Pv and Qv are the active and reactive power injecting into the voltage source uv; ug and iv denote the phasor of the three-phase voltage ugj and the three-phase current ivj (j = a, b, c); L and R are the connecting reactor and resistor between PCC and uv, which could be calculated according to Figure 2a:
Small-Signal Model of MMC Subsystem
Small-Signal Model of Inner Controller and MMC AC Side Model
According to (3), the dq-frame mathematical model of MMC AC side could be deduced as in (11):
The block diagram of the MMC AC side model together with the inner controller is plotted in Figure 4 . Figure 3 , u s , L s and R s are the equivalent voltage source phasor, the equivalent inductor, and the equivalent resistor of the connected AC system, respectively. P g and Q g is the active and reactive power injecting into the MMC; P v and Q v are the active and reactive power injecting into the voltage source u v ; u g and i v denote the phasor of the three-phase voltage u gj and the three-phase current i vj (j = a, b, c); L and R are the connecting reactor and resistor between PCC and u v , which could be calculated according to Figure 2a :
Here in
L = L t + 0.5L arm R = R t + 0.5R arm(10)
Small-Signal Model of MMC Subsystem
Small-Signal Model of Inner Controller and MMC AC Side Model
The block diagram of the MMC AC side model together with the inner controller is plotted in Figure 4 . Here in Figure 4 , ivd and ivq are the d-axis and the q-axis component of iv; ivdref and ivqref are the reference values of ivd and ivq; ugd and ugq are the d-axis and the q-axis component of ug; uvd and uvq are the d-axis and the q-axis component of uv; uvdref and uvqref are the reference value of uvd and uvq; Kpd (Kpq) and Kid (Kiq) are the proportional gain and the integral gain of the inner controller d-axis (q-axis); ωg is the instantaneous fundamental angular speed; Considering the small time-delay of modulation process, uvdref (uvqref) is supposed the same as uvd (uvq) in this paper.
In deducing the small-signal model, the prefix Δ and subscript 0 mean the small deviation and are the d-axis and the q-axis component of u v ; u vdref and u vqref are the reference value of u vd and u vq ; K pd (K pq ) and K id (K iq ) are the proportional gain and the integral gain of the inner controller d-axis (q-axis); ω g is the instantaneous fundamental angular speed; Considering the small time-delay of modulation process, u vdref (u vqref ) is supposed the same as u vd (u vq ) in this paper.
In deducing the small-signal model, the prefix ∆ and subscript 0 mean the small deviation and initial value of each variable. Based on the block diagram in Figure 4 , the small-signal model of the MMC AC side model together with the inner controller could be derived as (12) .
Here in (12) , M id (M iq ) is the state variable of the inner controller d-axis (q-axis) integral part.
Small-Signal Model of Phase-Locked Loop (PLL)
In this paper, the widely used single synchronous reference frame phase-locked loop (SRF-PLL) [23] is studied, and its block diagram is plotted in Figure 5 . As plotted in Figure 5 , u gx and u gy are the x-axis and y-axis component of u g in common network frame [24] ; K pθ and K iθ are the proportional gain and the integral gain of the PI controller; θ g is the output of PLL. Here in Figure 4 , ivd and ivq are the d-axis and the q-axis component of iv; ivdref and ivqref are the reference values of ivd and ivq; ugd and ugq are the d-axis and the q-axis component of ug; uvd and uvq are the d-axis and the q-axis component of uv; uvdref and uvqref are the reference value of uvd and uvq; Kpd (Kpq) and Kid (Kiq) are the proportional gain and the integral gain of the inner controller d-axis (q-axis); ωg is the instantaneous fundamental angular speed; Considering the small time-delay of modulation process, uvdref (uvqref) is supposed the same as uvd (uvq) in this paper.
In deducing the small-signal model, the prefix Δ and subscript 0 mean the small deviation and initial value of each variable. Based on the block diagram in Figure 4 , the small-signal model of the MMC AC side model together with the inner controller could be derived as (12 
Here in (12) , Mid (Miq) is the state variable of the inner controller d-axis (q-axis) integral part.
In this paper, the widely used single synchronous reference frame phase-locked loop (SRF-PLL) [23] is studied, and its block diagram is plotted in Figure 5 . As plotted in Figure 5 , ugx and ugy are the x-axis and y-axis component of ug in common network frame [24] ; Kpθ and Kiθ are the proportional gain and the integral gain of the PI controller; θg is the output of PLL. Suppose Miθ is the state variable of the integral part in the PI controller of SRF-PLL, the respectively small-signal model of PLL could be expressed as (13) : Suppose M iθ is the state variable of the integral part in the PI controller of SRF-PLL, the respectively small-signal model of PLL could be expressed as (13):
On the basis of Kirchhoff's voltage law, the dynamics of the AC system and MMC AC side equivalent circuit could be described as (14):
On the basis of the linearized small-signal model of (14) , ∆u gd and ∆u gq could be derived as (15) :
On the basis of Figure 4 , the linearized small-signal model of the inner controller could be derived as (16) :
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Note that the relationship of u s in the dq-frame and the common network frame as in (17), ∆u sd and ∆u sq could be represented by u sx0 , u sy0 and ∆θ g as in (18):
where u sd and u sq are the d-axis and the q-axis component of us in the dq-frame; u sx and u sy are the x-axis and the y-axis component of us in the common network frame; U d0 and U q0 is the intermediate variables.
On the basis of (12)-(18), the small-signal model of the MMC AC side model, the inner controller and the PLL could be derived as (19) :
where
; the detailed expressions of A v and B r of which are referred to the Appendix A.
Small-Signal Model of MMC DC Side Current Source
The MMC DC side current source i dcs could be derived based on the conservation of active power.
The linearized small-signal model of (20) could be written as (21); (21) could be further simplified into (22) after eliminating ∆u vd and ∆u vq :
where the detailed expressions of C v , D r and D u of which are referred to the Appendix A.
Small-Signal Model of Outer Controller
Because the current order i vdref and u vqref are generated by the outer controller, the small-signal model of MMC subsystem could be deducted by eliminating in (23) with the small-signal model of outer controller.
Theoretically, the d-axis current order i vdref could be generated by the active power controller or the DC voltage controller; the q-axis current order i vqref could be generated by the reactive power controller or the AC voltage controller. Therefore, details of the small-signal model of the aforementioned four types of outer controllers can be found in the following paragraphs.
For the DC voltage controller, the small-signal model is outlined as (24) , where M iUdc , K iUdc , and K pUdc are the state variable of the integral part, the proportional gain, and the integral gain of the outer controller.
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For the active power controller, the small-signal model is outlined as (25) , where M iPg , K iPg , and K pPg are the state variable of the integral part, the proportional gain, and the integral gain of the outer controller.
For the reactive power controller, the small-signal model is outlined as (26) , where M iQg , K iQg , and K pQg are the state variable of the integral part, the proportional gain, and the integral gain of the outer controller.
For the AC voltage controller, the small-signal model is outlined as (27), where M iUac , K iUac , and K pUac are the state variable of the integral part, the proportional gain, and the integral gain of the outer controller.
After eliminating the intermediate variables such as ∆u gd and ∆u gq in (25)-(27), the small-signal model of MMC subsystem could be derived as (28) by substituting (24)-(27) into (23):
where A v , B r , B u , C v , D r , and D u differ with different outer control schemes; the small deviation of state variables ∆x v and the small deviation of outer controller reference value ∆r also differ with different outer control schemes. For example, if the MMC controls the DC voltage and the reactive power, ∆x v and ∆r could be written as (29):
Small-Signal Model of DC Network
Generally speaking, there are two types of nodes in the DC network of MMC-HVDC, namely the converter station nodes and the interconnection nodes. The converter station nodes are the nodes where the DC network and the converter stations are connected, and the interconnection nodes are the nodes that do not connect to any converter station. Figure 6 outlines the DC network topology of a four-ternimal MMC-HVDC and its incidence matrix T. The element T ik in T equals 1 (−1) if the current in DC line k flows out of (into) node i; T ik equals 0 if the current in DC line k does not connect to node i.
Energies 2019, 12, 3283 9 of 20 the converter station nodes and the interconnection nodes. The converter station nodes are the nodes where the DC network and the converter stations are connected, and the interconnection nodes are the nodes that do not connect to any converter station. Figure 6 outlines the DC network topology of a four-ternimal MMC-HVDC and its incidence matrix T. The element Tik in T equals 1 (−1) if the current in DC line k flows out of (into) node i; Tik equals 0 if the current in DC line k does not connect to node i. For an m-terminal MMC-HVDC with b DC lines and n nodes, the state-space model of the DC network could be generalized as (30) after representing the DC line by its π section model: For an m-terminal MMC-HVDC with b DC lines and n nodes, the state-space model of the DC network could be generalized as (30) after representing the DC line by its π section model: 
Small-Signal Model of MMC-HVDC
According to Section 3.1, small-signal model of each MMC subsystem could be described as (28). For an m-terminal MMC-HVDC, all the m MMC subsystems could be modeled as follows:
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The linearized small-signal model of the whole MMC-HVDC could be derived after merging (31) 
On the basis of the eigenvalues of matrix A sys , the minimum SCR for MMC-HVDC could be determined considering the small-signal stability.
Procedure for Determining Minimum Short Circuit Radio (SCR) Based on Small-Signal Stability Analysis
Determining Steady-State Power Flow of MMC-HVDC
From the process of linearization in Section 3, it is known that matrix A sys is associated with the initial steady-state operation point. During planning stages, the operations of power systems under rated conditions are of prime concern. Therefore, the rated operation point of the MMC-HVDC system with active power and reactive power set as 1.0 pu and 0.0 pu is considered in this paper. According to the aforementioned analysis, the initial value of the state-variables x sys could be calculated directly when the power flow of MMC-HVDC is determined. Therefore, the procedure for determining the power flow of MMC-HVDC is described in this section, which contains four steps:
Step 1. Calculate the steady-state power flow of the MMC subsystem that controls the active power with the Newton-Raphson method. The steady-state power flow of MMC subsystem satisfies (34), where subscript 0 means the steady-state initial values of each variable. For the MMC station that controls the active power, the known variables in (34) are P g0 (1.0 pu for rectifier and −1.0 pu for inverter), Q g0 (0.0 pu), U g0 (1.0 pu), and u sy0 (0.0 pu). After solving (34), θ g0 equals arctan(u gy0 /u gx0 ).
Step 2: Calculating the steady-state power flow of the DC net subsystem by setting the DC voltage as 1.0 pu for the MMC that controls the DC voltage and the DC power, supplied by current source i dcs as seen in Figure 3 , as P v0 for the MMC that controls the active power.
Step 3: Calculate the steady-state power flow of the MMC subsystem that controls the DC voltage described by (34) with the Newton-Raphson method. For the MMC station that controls the DC voltage, the known variables in (34) are P v0 (already calculated in Step 2), Q g0 (0.0 pu), U g0 (1.0 pu) and u sy0 (0.0 pu). After solving (34), θ g0 equals arctan(u gy0 /u gx0 ).
Step 4: Transform the calculated results from the common network frame to the dq-frame with θ g0 for concerned MMC subsystems.
In most studies that use small-signal analysis, the magnitude of u s were supposed as a constant (usually around 1.0 pu) to determine the initial values of the state variables. However, for AC systems with small SCR, there would be a great deviation between the calculated voltage and the rated voltage at the point of common coupling (PCC) with the above assumption, and it would eventually affect the rationality of the small-signal analysis results. In accordance with LCC-HVDC, the PCC voltage is set as its rated value [25] .
Procedure for Determining Minimum SCR
Procedures to determine the minimum SCR requirement of MMC-HVDC and a possible framework are described as follows:
Step 1. To calculate matrix A sys , the reference value r ref , the parameters of PI controllers, and the SCR should first be specified. After selecting an initial SCR, repeat Steps 2-4.
Step 2. Calculate the MMC AC side power flow with the Newton-Raphson method. Then, calculate the initial values of the state-variables x sys based on the calculated power flow results. Derive the linearized small-signal model of the whole MMC-HVDC as described in Section 3, and determine the matrix A sys .
Step 3. Calculate the eigenvalues of matrix A sys ; the small-signal stability constraint is satisfied at the specified SCR if the real part of all the eigenvalues is negative. If the small-signal stability constraint is not satisfied, stop calculation and output the smallest SCR that satisfied the small-signal stability constraint.
Step 4. If small-signal stability constraint in Step 3 is satisfied, check whether the Thevenin equivalent voltage of the AC system u s is within the safety limit. In this paper, u s satisfies the voltage safety limit constraint, if the magnitude of u s is between 0.9 pu and 1.2 pu If u s satisfies the voltage safety limit constraint, decrease the SCR by increasing the AC system impedance and go back to Step 2. Otherwise, stop calculation and output the smallest SCR that satisfied the safety limit constraint.
The respectively flowchart of the proposed procedure is outlined in Figure 7 . The respectively flowchart of the proposed procedure is outlined in Figure 7 . 
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System Parameters
The case studies are carried out based on a two-terminal MMC-HVDC, as plotted in Figure 8 . To give general conclusions, the actual value and the nominalized value of the main parameters in the test system are listed in Table 1 . The parameters in Table 1 approximate the two-terminal test 
Case Study
System Parameters
The case studies are carried out based on a two-terminal MMC-HVDC, as plotted in Figure 8 . To give general conclusions, the actual value and the nominalized value of the main parameters in the test system are listed in Table 1 . The parameters in Table 1 approximate the two-terminal test system in [26] . For the voltages at the secondary side of the converter transformer, the base value is chosen as the rated voltage of the transformer secondary side; at the transformer primary side, the voltage base value is selected as the rated voltage at this side. The base value of DC side voltage is the rated DC voltage. The base power is supposed as the rated capacity of the MMC. The parameters of PI controllers are listed in Table 2 . The initial SCR of the sending system and the receiving system are both set as 3.0. The AC system impedance angle was supposed to be 80°, 82°, 86°, and 90°. The subscript 1 represents the variables in the rectifier MMC, and the subscript 2 represents the variables in the inverter MMC. The following four control schemes are listed in Table  3 , where the reference value of DC voltage, active power, reactive power and AC voltage are set as 1.0 pu, 1.0 pu, 0.0 pu, and 1.0 pu, respectively. The reference direction of active power is from the rectifier to the inverter. 
Parameters of PI Controller Proportional Gain/Pu Integral Gain/Pu
Small-Signal Stability Analysis
The validation is performed based on Control Scheme 1, the minimum SCR was studied on the assumption that the AC system impedance angle was 80°. Suppose the SCR decreases from 3.0 to 1.0 with a step of 0.01, the root locus was plotted in Figure 9 based on the procedure in Section 4. The parameters of PI controllers are listed in Table 2 . The initial SCR of the sending system and the receiving system are both set as 3.0. The AC system impedance angle was supposed to be 80 • , 82 • , 86 • , and 90 • . The subscript 1 represents the variables in the rectifier MMC, and the subscript 2 represents the variables in the inverter MMC. The following four control schemes are listed in Table 3 , where the reference value of DC voltage, active power, reactive power and AC voltage are set as 1.0 pu, 1.0 pu, 0.0 pu, and 1.0 pu, respectively. The reference direction of active power is from the rectifier to the inverter. 
Validation Results
Small-Signal Stability Analysis
The validation is performed based on Control Scheme 1, the minimum SCR was studied on the assumption that the AC system impedance angle was 80 • . Suppose the SCR decreases from 3.0 to 1.0 with a step of 0.01, the root locus was plotted in Figure 9 based on the procedure in Section 4. When SCR decreases to 1.95, the calculated eigenvalues of matrix Asys are listed in Table 4 . It could be concluded that the small-signal stability is satisfied. However, the equivalent voltage source of the sending system is 1.2006 pu, which exceeds the voltage safety limit. Therefore, the active power of the rectifier could not reach 1.0 pu if SCR of sending system is lower than 1.95. The equivalent voltage source of receiving system is 1.036 pu, which is within the voltage safety limit.
Then, decrease the SCR of the receiving system while maintaining the SCR of the sending system as 1.95; the system will be unstable when the SCR of the receiving system decreases to 1.36 or less. The calculated eigenvalues of matrix Asys, the state variable with the participation factor of the largest absolute value (denoted as 'SVLPF') and the respective participation factor (denoted as 'LPF') are listed in Table 5 . When SCR decreases to 1.95, the calculated eigenvalues of matrix A sys are listed in Table 4 . It could be concluded that the small-signal stability is satisfied. However, the equivalent voltage source of the sending system is 1.2006 pu, which exceeds the voltage safety limit. Therefore, the active power of the rectifier could not reach 1.0 pu if SCR of sending system is lower than 1.95. The equivalent voltage source of receiving system is 1.036 pu, which is within the voltage safety limit.
Then, decrease the SCR of the receiving system while maintaining the SCR of the sending system as 1.95; the system will be unstable when the SCR of the receiving system decreases to 1.36 or less. The calculated eigenvalues of matrix A sys , the state variable with the participation factor of the largest absolute value (denoted as 'SVLPF') and the respective participation factor (denoted as 'LPF') are listed in Table 5 . According to Table 5 , when SCR decreases, the first eigenvalue whose real part become larger than 0 is the 23-th eigenvalue, and state variable with the participation factor of the largest absolute value is M iQg2 . Therefore, the 23-th eigenvalue as well as the minimum SCR is mainly influenced by M iQg2 . Because M iQg2 is in direct proportion to K iQg2 , it could be concluded that the 23-th eigenvalue is mainly influenced by K iQg2 . Theoretically, the minimum SCR is most sensitive to parameter K iQg2 .
Next, the robustness analysis on the procedure is conducted by changing K iQg2 from half its original value to two times its original value (0.053-0.212). The calculated minimum SCR requirement of the receiving end, together with the 23-th eigenvalue, is plotted in Figure 10 . The results show that the calculated minimum SCR remains unchanged with the decrease step of 0.01, although the 23-th eigenvalue changes a little with the variation of K iQg2 . The robustness of the procedure is proved. According to Table 5 , when SCR decreases, the first eigenvalue whose real part become larger than 0 is the 23-th eigenvalue, and state variable with the participation factor of the largest absolute value is MiQg2. Therefore, the 23-th eigenvalue as well as the minimum SCR is mainly influenced by MiQg2. Because MiQg2 is in direct proportion to KiQg2, it could be concluded that the 23-th eigenvalue is mainly influenced by KiQg2. Theoretically, the minimum SCR is most sensitive to parameter KiQg2.
Next, the robustness analysis on the procedure is conducted by changing KiQg2 from half its original value to two times its original value (0.053-0.212). The calculated minimum SCR requirement of the receiving end, together with the 23-th eigenvalue, is plotted in Figure 10 . The results show that the calculated minimum SCR remains unchanged with the decrease step of 0.01, although the 23-th eigenvalue changes a little with the variation of KiQg2. The robustness of the procedure is proved. 
23-th eigenvalue
Time-Domain Validation
The time-domain validation was performed on PSCAD/EMTDC. The simulation results of the minimum sending end SCR and the minimum receiving end SCR are plotted in Figures 11 and 12 . 
The time-domain validation was performed on PSCAD/EMTDC. The simulation results of the minimum sending end SCR and the minimum receiving end SCR are plotted in Figures 11 and 12 Figure 11 . Simulation results of minimum sending end SCR. As seen in Figures 11 and 12 , Ucrj_av is average SM capacitor voltage, where j (j = a, b, c) denotes phase and r (r = p, n) denotes the upper or lower arm.
As seen in Figure 11 , the rectifier MMC could not transmit 1.0 pu active power if the SCR decrease from 1.95 to 1.91. When SCR is less than 1.95, the AC system equivalent voltage source is limited to the voltage safety limit (1.2 pu), and the decrease would cause the voltage drop at PCC. In consideration of the current constraint [13] , the active power of rectifier would inevitably decrease. The relevant MMC-HVDC could operate stably under this circumstance. The simulation results are consistent with the analytical results, and prove that the rectifier could not transmit 1.0 pu active power with an SCR lower than 1.95 when considering the voltage safety limit constraint. Figure 11 . Simulation results of minimum sending end SCR. As seen in Figures 11 and 12 , Ucrj_av is average SM capacitor voltage, where j (j = a, b, c) denotes phase and r (r = p, n) denotes the upper or lower arm.
As seen in Figure 11 , the rectifier MMC could not transmit 1.0 pu active power if the SCR decrease from 1.95 to 1.91. When SCR is less than 1.95, the AC system equivalent voltage source is limited to the voltage safety limit (1.2 pu), and the decrease would cause the voltage drop at PCC. In consideration of the current constraint [13] , the active power of rectifier would inevitably decrease. The relevant MMC-HVDC could operate stably under this circumstance. The simulation results are consistent with the analytical results, and prove that the rectifier could not transmit 1.0 pu active power with an SCR lower than 1.95 when considering the voltage safety limit constraint. As seen in Figures 11 and 12 , U crj_av is average SM capacitor voltage, where j (j = a, b, c) denotes phase and r (r = p, n) denotes the upper or lower arm.
As seen in Figure 11 , the rectifier MMC could not transmit 1.0 pu active power if the SCR decrease from 1.95 to 1.91. When SCR is less than 1.95, the AC system equivalent voltage source is limited to the voltage safety limit (1.2 pu), and the decrease would cause the voltage drop at PCC. In consideration of the current constraint [13] , the active power of rectifier would inevitably decrease. The relevant MMC-HVDC could operate stably under this circumstance. The simulation results are consistent with the analytical results, and prove that the rectifier could not transmit 1.0 pu active power with an SCR lower than 1.95 when considering the voltage safety limit constraint.
As seen in Figure 12 , the MMC-HVDC could not operate stably if the SCR of the receiving system decreases from 1.37 to 1.32. The simulation results are consistent with the analytical results by small-signal analysis and demonstrate that the MMC-HVDC could not operate stably with an SCR lower than 1.36 when transmitting 1.0 pu active power.
Although certain errors exist between the simulation results and the analytical results, the error is relatively small enough and is acceptable. Therefore, the validity of the proposed procedure to determine the minimum SCR is proved.
Minimum SCR Requirement of Four Control Schemes
Control Scheme 1
According to the aforementioned method, the minimum SCR requirement of Control Scheme 1 is calculated and listed in Table 6 . The restraint factors for transmitting 1.0 pu active power includes the voltage safety limit constraint (denoted as 'VSLC') and the state-variables with the largest participate factor for the unstable mode. Table 6 , it can be concluded that:
(1) The calculated minimum SCR is concerned with MMC operation mode and the AC system impedance angle. For the rectifier MMC, the minimum SCR varies 1.51-1.95, and the increase of the AC system impedance angle would make the minimum SCR decrease. For the inverter MMC, the minimum SCR varies 1.36-1.46, and the increase of the AC system impedance angle would make the minimum SCR increase. (2) The minimum SCR requirement for the rectifier is larger than for the inverter, which means that the SCR requirement for the connected AC system is stricter for the rectifier MMC. (3) For transmitting 1.0 pu active power, the restraint factor for rectifier is the voltage safety limit constraint while the restraint factor for the inverter is mainly the outer reactive power controller.
Control Scheme 2
The minimum SCR requirement of Control scheme 2 is calculated and listed in Table 7 , and it can be concluded that:
(1) The calculated minimum SCR is concerned with MMC operation mode and the AC system impedance angle. For the rectifier MMC, the minimum SCR varies 1.51-1.95, and the increase of AC system impedance angle would make the minimum SCR decrease. For the inverter MMC, the minimum SCR varies 1.51-1.40, and the increase of AC system impedance angle would make the minimum SCR increase. (2) The minimum SCR requirement for the rectifier is larger than that for the inverter, indicating that the SCR requirement for the connected AC system is stricter for the rectifier MMC.
(3) For transmitting 1.0 pu active power, the restraint factor for rectifier is the voltage safety limit constraint; in contrast, the restraint factor for the inverter is mainly the outer reactive power controller. The minimum SCR requirement of Control Scheme 3 is calculated and listed in Table 8 , and it can be concluded that:
(1) The calculated minimum SCR is concerned with MMC operation mode and the AC system impedance angle. For the rectifier MMC, the minimum SCR varies 1.51-1.95, and the increase of AC system impedance angle would make the minimum SCR decrease. For the inverter MMC, the minimum SCR varies 1.46-1.34, and the increase of the AC system impedance angle would make the minimum SCR increase. (2) The minimum SCR requirement for the rectifier is larger than that for the inverter, indicating that the SCR requirement for the connected AC system is stricter for the rectifier MMC. (3) For transmitting 1.0 pu active power, the restraint factor for rectifier is the voltage safety limit constraint; however, the restraint factor for the inverter is mainly the PLL. The minimum SCR requirement of Control scheme 4 is calculated and listed in Table 9 , and it can be concluded that:
(1) The calculated minimum SCR is concerned with MMC operation mode and the AC system impedance angle. For the rectifier MMC, the minimum SCR varies 1.51-1.95, and the increase of AC system impedance angle would make the minimum SCR decrease. For the inverter MMC, the minimum SCR varies 1.51-1.39, and the increase of AC system impedance angle would make the minimum SCR increase. (2) The minimum SCR requirement for the rectifier is larger than that for the inverter, indicating that the SCR requirement for the connected AC system is stricter for the rectifier MMC. (3) For transmitting 1.0 pu active power, the restraint factors for the rectifier are the voltage safety limit constraint; however, the restraint factor for the inverter is mainly the PLL. On the basis of the calculation results listed in Tables 6-9 , it can be concluded that:
(1) For transmitting 1.0 pu active power, the minimum SCR requirement for rectifier varies 1.51-1.95, and the increase of AC system impedance angle would make the minimum SCR decrease. The minimum SCR requirement of rectifier has nothing to do with the control scheme of rectifier MMC. (2) For transmitting 1.0 pu active power, the minimum SCR requirement for inverter varies 1.34-1.51, and the increase of AC system impedance angle would make the minimum SCR increase. The minimum SCR requirement is the largest when the inverter MMC controls the active power and the reactive power. The minimum SCR requirement is the lowest when the inverter MMC controls the DC and the AC voltage. (3) The minimum SCR requirement is higher for the rectifier MMC than for the inverter MMC.
The restraint factor for the rectifier MMC is voltage safety limit constraint while the restraint factors for inverter are mainly the PLL or the outer reactive power controller. (4) The MMC-HVDC could keep operating stably if the SCR of the sending system is slightly lower than the minimum SCR requirement. The MMC-HVDC could not operate stably if the SCR of receiving system is slightly lower than the minimum SCR requirement.
Conclusions
On the basis of a small-signal stability analysis, the minimum SCR requirement for MMC-HVDC system is studied in this paper. The results show that the restraint factors for the rectifier MMC is mostly the voltage safety limit constraint, and the minimum SCR requirement of the sending system has nothing to do with the control scheme of rectifier MMC. The restraint factors for inverter MMC is mainly the PLL or the outer reactive power controller; the minimum SCR requirement is the lowest when the inverter MMC controls the DC and AC voltage. The minimum SCR requirement for the connected AC system is stricter for the rectifier; the minimum SCR requirements for the sending and the receiving systems are suggested to be 2.0 and 1.5 in the planning stage. Note that the concerned MMC-HVDC consists of half bridge SMs and adopts vector current control scheme. Future research on this topic could focus on the minimum SCR requirement for MMC-HVDC with full bridge SMs and minimum SCR requirement for MMC-HVDC with other control schemes such as the virtual synchronous generator control scheme or the power synchronization control scheme.
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Appendix A
The detailed mathematical expression of the matrix A v , B r , C v , D r and D u are as follows:
